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Flooding effects on soil microbial communities

Irene M. Unger a,*, Ann C. Kennedy b, Rose-Marie Muzika a

a Department of Forestry, 203 Anheuser-Busch Natural Resources Building, University of Missouri, Columbia, MO 65211, United States
b USDA-ARS, 217 Johnson Hall, Washington State University, Pullman, WA 99164-6421, United States

A R T I C L E I N F O

Article history:

Received 18 February 2008

Received in revised form 9 January 2009

Accepted 13 January 2009

Keywords:

PLFA

Microbial community structure

Flooding

A B S T R A C T

Flooding affects both above- and below-ground ecosystem processes. While the below-ground changes

may be less obvious, they are as important as the above-ground changes. Soil microorganisms are

sensitive to disturbance, and shifts in soil microbial community structure are expected when anaerobic

conditions develop from flooding. The primary objective of these studies was to determine the effect of

flooding on soil microbial communities. Simulated floods were established under greenhouse and field

conditions. Flood treatments of flowing, intermittent (greenhouse only) or stagnant conditions were

compared to a control with no flooding. In addition, residue treatments (incorporation of grass, legume

or tree residue) were evaluated under greenhouse conditions. Soil samples from these experiments were

examined using phospholipid fatty acid (PLFA) analysis and total N (TN), total organic carbon (TOC) and

C:N ratio. Stagnant flood conditions in the greenhouse decreased microbial biomass and markers for

aerobic bacteria, Gram-negative bacteria, Gram-positive bacteria, and mycorrhizal fungi. However,

residue treatment, in general, did not affect microbial community structure. Effects of flood treatments

in the field varied with depth and flood � depth interaction. The B:F ratio and microbial biomass

decreased with stagnant flooding while other measures were not affected by flooding. Microbial biomass

and microbial markers decreased with depth. We found some changes in the soil microbial community

due to flooding; however, the 5-week time period of our study may not have been long enough to

develop measureable changes. Further changes in the microbial community may occur as flood waters

remain in a given area.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Active floodplains have a flooding recurrence interval of once
per year on average (Bridge, 2003). However, heavy or prolonged
rain events may result in soil saturation, particularly in concave or
low-lying landscape features. When combined with microbial
activity, soil inundation or saturation depletes soil oxygen. This
loss of soil oxygen is the greatest challenge to established plants.
Plants tolerant of flooding have specific physiological and
anatomical adaptations that allow them to cope with diminished
soil oxygen; while flood-intolerant plants lack such adaptations.
With the loss of soil oxygen, microbes capable of anaerobic
respiration will shift to alternative electron acceptors for their
metabolic needs. This results in reduced forms of oxygen, nitrogen,
manganese, iron or sulfur in the soil. Reduction reactions may
result in changes in phase or solubility. For example, reduced Fe
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and Mn are more soluble; these reduced ions move through the soil
resulting in areas with either a depletion or surfeit of Fe and Mn
(Vepraskas and Faulkner, 2001). Soluble forms of Fe and Mn are
more available to plants, and toxic concentrations are possible. On
the other hand, reduction of NO3

� results in a phase change,
transforming available N into various gaseous forms (i.e. N2, N2O,
and NO2) which can escape the soil environment resulting in
potential N depletion (Vepraskas and Faulkner, 2001). Several
studies revealed that longer inundations result in anoxic/anaerobic
conditions, thereby decreasing decomposition and altering nutri-
ent cycling (Baker et al., 2001; Baldwin and Mitchell, 2000;
Neatrour et al., 2004; Schuur and Matson, 2001). For example, the
decomposition of lignin proceeds slowly under anoxic conditions
and in some cases (e.g., rice systems) this results in the production
of phenolic acids (Olk et al., 1996; Tsutsuki and Ponnamperuma,
1987) some of which are thought to be alleopathic.

A disturbance such as flooding affects both above- and below-
ground ecosystem processes. Although often ignored, changes in
below-ground environments following flooding are no less
important than those that occur above-ground. Cropping, tillage
and other land management practices can have significant effects
on soil microbial community characteristics (Suzuki et al., 2005;
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Fraterrigo et al., 2006). Conventional and no-till farming systems
may support different soil microbial communities (Petersen et al.,
2002) and the application of chemical fertilizers may alter the
bacterial:fungal ratio of a given community (Suzuki et al., 2005).
Shifts in soil microbial community structure are expected when
anaerobic conditions develop from flooding (Elhottova et al., 2002;
Mentzer et al., 2006). These changes may subsequently affect
above-ground components of the ecosystem due to the critical
roles that bacteria and fungi play in decomposition and nutrient
cycling (Suzuki et al., 2005).

Understanding the effects of disturbance on the soil microbial
community is met with the challenge of quantifying that
community. Phospholipid fatty acid (PLFA) analysis uses mem-
brane phospholipids for microbial community characterization
and represents one method that overcomes the problem of
selective culturing (Petersen and Klug, 1994) and has been used
to characterize soil microbial communities in flooded soils (Hackl
et al., 2005; Bossio et al., 2006). The primary objective of this
experiment was to determine the effect of various flood treatments
on soil microbial community structure. Similar to plants, microbial
tolerance to flooding and anaerobic conditions vary; therefore,
microbial community structure is expected to change with
flooding. A secondary objective to determine the effect of various
residue treatments on soil microbial community structure was
included in the greenhouse study. Inclusion of residue is expected
to increase microbial biomass over the control; however, no
changes in microbial structure with residue type are expected.

2. Methods

2.1. Greenhouse study

Soil for the greenhouse experiment was collected from the
Flood Tolerance Laboratory (FTL) at the University of Missouri
Horticulture and Agroforestry Research Center (HARC) in New
Franklin, MO (39800000N, 928460000W). Soils in this floodplain are
generally classified as Nodaway silt loam, occasionally flooded
(fine-silty, mixed, superactive, nonacid, mesic Mollic Udifluvents).
Soil from the upper 20 cm was collected; air dried; sieved (2 mm);
and stored cold (10 8C) in plastic-lined bins until use. The
greenhouse experiment investigated the effects of both flood
and residue treatments on the soil microbial community in a
randomized complete block with four replications. The four flood
treatments that replicated natural flood regimes were: (1)
saturated and stagnant (stagnant treatment); (2) saturated and
flowing (flowing treatment); (3) periodic saturation and then
drained (intermittent treatment); and (4) control treatment at 30%
soil water content (SWC). Four residue treatments were used: (1)
tree (swamp white oak, Quercus bicolor); (2) legume (false wild
indigo, Amorpha fruticosa); (3) grass (manna grass, Glyceria striata);
and (4) control with no residue incorporated. The species selected
were native to Missouri and are typically found in riparian or
floodplain habitats. All plant samples were dried (40 8C, 2–3 days)
and ground to pass a 1-mm sieve.

The treatments were established in clear plastic trays
(22 cm � 35 cm) with opaque lids. Trays were lined with white
13-gallon trash bags to reduce the amount of light entering the tray
and to reduce algal and moss growth. To each tray, 9.2 kg of soil
was added to make layer of soil 10 cm deep. Plant residues (either
grass, legume or tree species) were incorporated into the soil by
hand at 8 Mg residue ha�1. Flood treatments followed the incor-
poration of plant residue. The control treatment consisted of 2.5 L
of de-ionized water added to the soil/residue mixtures. Water was
added back as needed to maintain tray weight and 30% SWC. The
flooding treatments consisted of 5 cm of water above the soil
surface (Cirtain et al., 2004). The water in the stagnant treatment
was undisturbed. The flowing water conditions were created by
pumping the water through the trays at 2.73 L m�1. The inter-
mittent treatment consisted two cycles of a 2-week flooding period
and 2-week dry-down period (surface water removed by bailing
and draining). Four replications of each flood � residue combina-
tion were established for a total of 64 trays.

The treatments lasted 56 days (December 19, 2005 to February
14, 2006) with 9 h days and 15 h nights and air temperatures
ranging from 17 to 20 8C and soil temperatures of 16 to 18 8C. After
56 days, two 3.8 cm diameter cores were taken from the center of
each tray. These cores were combined and samples were placed in
plastic bags, frozen and later freeze dried.

2.2. Field flood experiment

The field portion of the study was conducted at the Flood
Tolerance Laboratory (FTL) at the University of Missouri Horti-
culture and Agroforestry Research Center in New Franklin, MO
(39800000N, 928460000W). The FTL is an outdoor research facility
constructed on a wide terrace floodplain adjacent to Sulphur Creek.
The FTL consists of 12 6 m � 180 m parallel channels; each channel
is manipulated independently to allow for various flood treat-
ments (i.e. changing depth, flow rate and duration of flooding).
Three flood treatments at the FTL were evaluated: (1) no flood
(control); (2) 5 weeks of flowing water 15 cm (flowing); and (3) 5
weeks of stagnant water maintained at 15 cm (stagnant). The
experimental design was a randomized complete block with three
blocks arranged in a north-south direction; each block contained
each of the four treatments. Experimental channels were flooded
on May 23, 2005 and drained on June 27, 2005. For the FTL field
experiment, 10 soil cores (2.5 cm diameter) were collected from
the eastern third of each channel (an area of approximately
4 m � 60 m) at two depths: 0–10 cm and 10–20 cm and on two
collection dates: May (pre-flood) and July (post-flood). Cores were
pooled to create a single sample for each channel for each
date � depth combination. Mixing of the samples in this matter
corrects for heterogeneous soil conditions across the sampling
area. Samples were placed in plastic bags on ice and frozen once
back in the lab.

2.3. Soil analyses

For analyses, soil samples were freeze-dried in a production-
grade freeze drier at �20 8C and 4.0 Torr and ground to pass
through a 2 mm sieve. Samples were analysed by dry combustion
for total N (TN) and total organic C (TOC) using a LECO TruSpec CN
analyzer (St. Joseph, MI); C:N ratios were calculated from these
measurements.

2.4. Microbial community structure

Whole soil phospholipid fatty acid procedures generally follow
Bligh and Dyer (1959) as described by Petersen and Klug (1994). All
reagents were HLPC Grade and purchased from Sigma (St. Louis,
MO) except where noted. Soil samples (2 g) were placed in Teflon-
lined screw cap culture tubes (16 mm � 100 mm) and fatty acid
methyl esters analysis was conducted based on saponification of
soil at 100 8C, acid methylation at 80 8C, an alkaline wash, and an
extraction of methyl esters of long-chain fatty acids and similar
lipid compounds into hexane. Nonadecanoic acid methyl ester was
included after the methylation step for to enable quantification of
identified lipids on a molar basis. Samples for phospholipid
analysis were separated by solid phase extraction using 100 mg
silica columns (Varian, Palo Alto, CA). Columns were conditioned
with 3 mL hexane, 1.5 mL hexane/chloroform (1:1) and 100 mL
chloroform and a slight vacuum (1–2 in Hg) was applied to the



Fig. 1. Principal component analysis of phospholipid fatty acids from a Nodaway silt

loam under three flood (stagnant = diamonds, flowing = triangles or intermittent =

squares) and three residue (tree = dark grey, legume = light grey or grass = white)

treatments and controls (control flood = circles; control residue = black symbols)

over a 56-day period in a greenhouse experiment. PCA axis 1 explains 53% of the

variation and axis 2 explains 18%.
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columns after the addition of each solvent. The columns were
rinsed through the sequential addition of 1.5 mL chloroform/2-
propanol (1:1) and 1.5 mL 2% acetic acid in diethyl ether with
vacuum. Finally, phospholipids were eluted from the columns with
2 mL methanol, and evaporated under nitrogen in preparation of
extraction of the PLFAs. The combined organic phase was
evaporated to dryness under nitrogen and then redissolved in
75 mL hexane:methyl tertiary butyl ether (1:1).

Fatty acid methyl esters were analysed on a gas chromatograph
(Agilent Technologies GC 6890, Palo Alto, CA) with a fused silica
column and equipped with a flameionizer detector and integrator.
ChemStation (Agilent Technologies GC 6890, Palo Alto, CA)
operated the sampling, analysis, and integration of the samples.
Peak identification and integration of areas were performed under
the Eukary method parameters by software supplied by Microbial
Identification Systems, Inc. (Newark, DE). Peak chromatographic
responses were translated into mol responses using the internal
standard and responses were recalculated as needed.

Peaks that correspond to carbon chain lengths of 12–20 carbons
are generally associated with microorganisms. Bacterial:fungal
ratios were calculated for each sample. Peaks used as markers for
bacteria were 12:0 3OH, i14:0, 15:0, a15:0, i15:0, i15:0 g, cyc15:1,
i16:0, 16:1v7, cis16:1v7, trans16:1v7, a17:0, cy17:0, i17:0,
17:1v6, i17:1v7, 18:1v7, cis18:1v7, cis18:1v9, cyc19:0,
cyc19:0 C11-12, cy19:0, cis19:1v9 (Vestal and White, 1989).
Fungal markers were 16:1v5, cis16:1v5, 18:1v9, 18:2v6,
cis18:2v6, 18:2v9, 18:3v3, 18:3v6, cis18:3v6 (Federle, 1986;
Wander et al., 1995; Zelles et al., 1995; Frostegard et al., 1993;
Sundh et al., 1997). For Gram-positive bacteria, markers were
i14:0, i15:0, a15:0, i15:0 g, i16:0, i17:0, cis18:1v9 (O’Leary and
Wilkinson, 1988; Wander et al., 1995; Zelles et al., 1995; Sundh
et al., 1997). The markers for Gram-negative bacteria were
15:1v6c, cis16:1v7t, cy17:0, cis18:1v7; cy19:0, cyc19:0,
cis19:1v9 (Ratledge and Wilkinson, 1988; Wander et al., 1995;
Zelles et al., 1995; Sundh et al., 1997). Mycorrhizal markers were
16:1v5, cis16:1v5, 18:2v6, cis18:2v6, 18:2v9 (Balser et al., 2005;
Belen Hinojosa et al., 2005).

Stress indicators were calculated based on the ratios of the
cyclopropyl fatty acids to monoenoic precursors and the total
saturated to total monounsaturated fatty acids (Kieft et al., 1997;
Bossio and Scow, 1998; Fierer et al., 2003). Specific peaks used to
calculate the cyclopropyl fatty acids to monoenoic precursor ratios
were cy17:0 to cis16:1v7 and cy19:0 to cis18:1v7. The ratio of
total saturated to total monounsaturated fatty acids used the ratio
of the sum of 14:0, 15:0, 16:0, 17:0, 18:0, and 20:0 to sum of
cis16:1v11, cis16:1v9, cis16:1v7, cis16:1v5, cis17:1v9,
cis17:1v8, cis17:1v7, and cis17:1v5. Monounsaturated fatty acids
from 14:0 to 19:0 were also evaluated (Bossio and Scow, 1998).
Biomass was calculated using the relationship determined by
Bailey et al. (2002).

2.5. Data analysis

Percentages of fatty acids covered a wide range of values and
were log transformed for principal component analysis (PCA) in
SAS (2002). Principal component analysis was used as exploratory
data analysis to reduce the dimensionality in the data and to
examine the associations in the microbial populations (Tabachnick
and Fidell, 2001). Data were presented as a 2D plot for better
understanding of the relationship. We used Kaiser’s rule (Joliffe,
1986), that only variables with an eigenvalue greater than one are
to be used for further analysis when the correlation matrix is used
in PCA. In our initial analyses, we computed the correlation
between principal components and fatty acids for PC1, PC2, PC3,
and PC4. In PCA, the eigenvectors determine the directions of
maximum variability and the eigenvalues specify the variances.
For soil samples from the simulated flood experiment, two-way
ANOVA (Proc GLM) was used to test the effects of flood and residue
treatments on: (i) PLFA PCA axes 1 and 2, (ii) bacterial:fungal (B:F)
ratio and total microbial biomass, (iii) responses due to various
microbial markers, and (iv) stress indicators and monounsaturated
fatty acids. Significant differences led to pairwise comparisons
(Fisher’s Least Significant Difference (LSD), a = 0.05). For soil
samples from the FTL, one-way ANOVA (Proc GLM) was used to
analyse the effects of sampling date, sample depth and flood
treatment on: (i) PLFA PCA axes 1 and 2, (ii) B:F ratio and total
microbial biomass, (iii) responses due to various microbial
markers, and (iv) stress indicators and monounsaturated fatty
acids. For the flood treatment analyses, each sample date (pre-and
post-flood) and depth (upper (0–10 cm) and lower (10–20 cm))
combination was tested separately. Pearson correlation coeffi-
cients were calculated to determine the relationships among soil
chemical characteristics (TOC, TN, and C:N ratio) and soil microbial
community characteristics. All analyses were conducted using SAS
9.1 SAS (2002).

3. Results

3.1. Greenhouse experiment

Principal component analysis of PLFAs revealed flood treatment
effects, but no residue effects on the soil microbial community
(Fig. 1). PC1 accounted for 53% of the variance and PC2 was
responsible for explaining 18% of the data variance. Soil samples
separated into groups that aligned with flood treatments. Aerobic
flood treatments (i.e. control and intermittent flood treatments)
and anaerobic flood treatments (i.e. flowing and stagnant flood
treatments) separated along the PC1 axis. Separation along the PC1
axis was due to 15:0, cy17:0, 16:1v7c, 16:0 and 18:3v6c, while
separation along the PC2 axis was due to a17:1; cy19:0, and
18:1v9t. In general, fungal components were responsible for
separation on both PC 1 and 2 and bacterial components were
responsible for PC1 separation.

ANOVA of PC1 revealed a significant flood effect and flood -
� residue interaction (p < 0.0001 and p < 0.01 respectively); a
significant effect due to residue treatment was not observed for
this axis (p = 0.62). Fisher’s LSD analysis of PC1 revealed that the
intermittent and control treatments were significantly different
from the flowing and stagnant treatments. ANOVA on PC2 revealed
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a significant flood effect and a significant residue effect (p < 0.0001
and p < 0.0001 respectively), but no interaction (p = 0.10). Control
and stagnant flood treatments were significantly different from
flowing and intermittent flood treatments on PC2; likewise, the
control residue treatment was different from the other residue
treatments.

Flood treatment had the greatest impact on the soil microbial
community structure. Microbial biomass, markers for aerobic
bacteria, Gram-negative bacteria, Gram-positive bacteria, and
mycorrhizal fungi, the stress indicators and the sum of mono-
unsaturated peaks all varied with flood treatment (Table 1). A
significant flood � residue interaction was observed for the B:F
ratio (Table 2). Biomass was lowest under stagnant flood
conditions (Table 1). The intermittent flood treatment resulted
in the greatest response for the aerobic bacteria, while the stagnant
flood treatment showed the least (Table 1). The flowing and control
flood treatments were not different in terms of mol percent
response for aerobic bacteria.

Gram-negative bacteria and mycorrhizal fungi markers
responded similarly to flood treatment (Table 1), with the control
treatment having the greatest response and the stagnant treat-
ment resulted in the lowest response. The intermittent and flowing
flood treatments did not differ; these flood treatments resulted in
an intermediate response for these microbial markers (Table 1).
Gram-negative bacteria and Gram-positive bacteria as well as
mycorrhizal fungi were negatively affected by anaerobic condi-
tions brought about by stagnant flood waters. Gram-positive
bacteria were most prevalent under flowing flood and control
conditions and least prevalent under intermittent and stagnant
flood conditions (Table 1). Gram-negative bacteria differed with
residue treatment (data not shown). The greatest response for
Gram-negative bacteria was observed with grass residue; the other
residue treatments showed lower response and were not
significantly different from each other.

A significant flooding � residue interaction occurred with the
B:F ratio (Table 2). The highest B:F ratios were observed for the
control flood � residue combinations, as well as for the flowing
flood/control residue treatment. Other flowing flood � residue
combinations, as well as all intermittent flood � residue combina-
tions and all stagnant flood � residue combinations resulted in
significantly lower B:F ratios (Table 2).
Table 2
Average B:F ratio determined from phospholipid fatty acid analysis of a Nodaway

silt loam subjected to three flood (stagnant, flowing or intermittent) and three

residue (tree, legume, and grass) treatments and controls over a 56-day period in a

greenhouse experiment. Flood treatment means with the same letter are not

significantly different (a = 0.05).

Experimental treatment B:F ratio S.D.

Flood Residue Average

Control Control 1.94 bc 0.15

Grass 1.93 bc 0.14

Legume 1.69 c 0.08

Tree 2.57 a 0.82

Intermittent Control 0.39 de 0.04

Grass 0.52 de 0.07

Legume 0.57 de 0.09

Tree 0.60 d 0.07

Flowing Control 2.19 b 1.23

Grass 0.32 de 0.03

Legume 0.34 de 0.04

Tree 0.34 de 0.01

Stagnant Control 0.56 de 0.22

Grass 0.45 de 0.06

Legume 0.46 de 0.10

Tree 0.31 e 0.21
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Variation observed in stress indicators and in monounsatu-
rated fatty acids were due primarily to flood treatment. There
were no differences due to residue treatment or a flood -
� residue interaction. Stress indicators were significantly higher
under stagnant and flowing flood conditions than under control
conditions (Table 1). The intermittent treatment had inter-
mediate levels of stress indicators and was not different from
the other flood treatments or from the control. The mono-
unsaturated fatty acids were lowest under stagnant flood
conditions; however, other treatments were not different for
this microbial component (Table 1). Flood treatments did not
affect TN, TOC or the C:N ratio (Table 1).

3.2. Field experiment

PCA analysis of PLFA from soils of the FTL field study
revealed that the greatest variation was due to sampling depth
with only a few differences seen among the control soils and
flowing or stagnant conditions (data not shown). An examina-
tion of the post-flood samples from the 5-week flood treatments
revealed a decrease in microbial parameters with sampling
depth and flood treatment (Table 3). At the 0–10 cm depth, the
flood treatments reduced bacterial to fungal ratios by 4% for the
flowing flood treatment and by almost 10% for the stagnant
flood treatment compared to the control soil. Biomass values
were lower for the control soils at 139 mg C g�1 soil; the
flooding treatments were 165 mg C g�1 soil for flowing and
159 mg C g�1 soil for stagnant. Surprisingly, aerobic bacterial
markers were higher in the flood-treated soils than the control
soils. The flowing flood treatments had more Gram-positive
bacterial markers than the control soils. All other markers and
TN, TOC and C:N were not significantly different from the
control at the 0–10 cm depth.

Microbial components at the lower depth (10–20 cm) in the
FTL field study were variable in their response (Table 3).
Bacterial to fungal ratios were highest in control and flowing
treatments compared to the stagnant treatment, which was 29%
less than the control. Biomass values were highest for the
flowing flood treatment and lowest for control and stagnant.
Aerobic bacterial markers were highest in the flowing treatment
followed by control soils with stagnant soils having the least
aerobic bacterial markers. Gram-negative bacterial and Gram-
positive bacterial markers were greatest in the control and
flowing flood treatment and least with stagnant flood treatment.
Mycorrhizal markers were highest in flowing and lowest in
control. Stress indicators were low in control and highest in
flowing and stagnant treatments. C:N ratios at the lower depth
were highest for control and stagnant and lowest for flowing.
Monosaturated markers, TN and TOC were not different among
the treatments.
Table 4
Pearson correlations of TN, TOC and C:N ratio with soil microbial community

characteristics of B:F ratio, biomass, and markers for aerobic bacteria, Gram-

negative bacteria, Gram-positive bacteria, mycorrhizal fungi, and stress indicators

from phospholipid fatty acid analysis after various in situ flood treatments (control,

5 weeks of flowing water, or 5 weeks of stagnant water) at the Flood Tolerance

Laboratory (FTL), New Franklin, MO. Significant values are indicated as follows:

a < 0.05 = *, a < 0.01 = ** and a < 0.001 = ***.

Microbial component TN TOC C:N ratio

B:F ratio �0.04 0.03 0.21

Microbial biomass 0.40** 0.35** �0.06

Aerobic bacteria 0.53*** 0.51*** 0.06

Gram-negative bacteria 0.41** 0.39** 0.03

Gram-positive bacteria 0.41** 0.40** 0.02

Stress indicators �0.29* �0.39** �0.37**
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3.3. Correlations: soil microbial structure with TOC and TN

The correlation between soil microbial structure and TOC and
TN differed for the experiments. For the greenhouse experiment,
soil community structure was largely unrelated to soil C and N
(data not shown). Several correlations were observed for the FTL
field samples (Table 4). Biomass, along with the markers for
aerobic bacteria, Gram-negative bacteria and Gram-positive
bacteria were positively correlated with both TOC and TN. On
the other hand, stress indicators were negatively correlated with
TOC, TN and the C:N ratio. No correlations with TOC, TN or C:N ratio
were observed for the B:F ratio, monounsaturated fatty acids, or
the mycorrhizal fungal markers. The microbial markers were not
correlated with C:N ratio.

4. Discussion

The microbial communities of the soils from the greenhouse
and field studies varied in marker composition and in response to
flood disturbances. Samples from the greenhouse experiment
showed a change in community structure with flooding; however,
samples from the field study showed a greater influence from
depth than flood treatments. Similarly, Ibekwe and Kennedy
(1998) described differences between greenhouse and field soil
samples with higher % PLFA composition and higher microbial
biomass in field soils rather than greenhouse soils.

The greenhouse experiment revealed changes in microbial
community structure with flooding and less so with residue
addition. Residue treatments may have affected TN and TOC levels
early in the flood treatments and thus may have affected soil
microbial community structure initially. However, soil samples for
PFLA analysis were taken at the end of the 56-day flood treatments
and at this time, soil TN and TOC were no longer different despite
different residue treatments. Other studies have shown similar
responses (Drenovsky et al., 2004; Mentzer et al., 2006). Mentzer
et al. (2006) found that prolonged flooding had a greater effect than
nutrient loading in that flooding altered both the composition as
well as functional components of the microbial community.
Specifically, flooding reduced the mycorrhizal fungal markers,
while increasing Gram-negative bacterial, anaerobic bacterial and
Gram-positive bacterial markers. Drenovsky et al. (2004) also
observed a decrease in fungal biomarkers, but not bacterial
biomarkers with increased soil water content. Furthermore, Bossio
and Scow (1998) observed a decrease in fungal and aerobic
indicators and an increase in Gram-positive bacterial indicators
with flooding; however, they also observed changes in microbial
indicators with straw incorporation. The decreased presence of
fungi under flooded conditions observed in the current study and
other studies (Bossio and Scow, 1998; Drenovsky et al., 2004;
Mentzer et al., 2006) is consistent with the hypothesis that fungi
are less prevalent in inundated soils.

Analysis of the FTL field soil samples revealed the importance of
sampling depth. General decreases in biomass and reduced response
of microbial markers were observed with increased sampling depth.
Bacteria are typically most numerous in surface layers that are rich
in organic material or in the rhizosphere where plant roots release
sugars, amino acids and other organic compounds. In addition,
mycorrhizae are associated with plant roots that will likewise be
concentrated in the upper soil layers. A soil profile analysis
conducted by Fierer et al. (2003) demonstrated the changes in soil
microbial community structure with depth. An overall decline in
microbial diversity was detected by Fierer et al. (2003) along with
declines in individual PLFA markers. Not all groups responded
consistently. Gram-negative bacterial and fungi markers declined
with depth; while Gram-positive bacterial markers increased with
depth (Fierer et al., 2003). Others have noted a decline in microbial
biomass and changes in PLFA markers with depth (Fritze et al., 2000;
Peacock et al., 2001). In both of these cases, microbial biomass was
greatest at the surface; for example, Peacock et al. (2001) observed
that microbial biomass was twice as great in the surface layers (0–
5 cm) than at 5–10 cm or 10–15 cm. The authors relate the declines
in microbial community diversity and biomass with depth to
changes in soil nutrient status with depth (Fritze et al., 2000;
Peacock et al., 2001; Fierer et al., 2003). In the current study, an
increase in depth of 10 cm (0–10 cm vs. 10–20 cm sampling depth)
resulted in a 9% decrease in microbial biomass as well as a 23%
decrease in aerobic bacterial markers, a 5% decrease in Gram-
negative bacterial markers, a 15% decrease in Gram-positive
bacterial markers and a 12% decrease in mychorrizal fungal markers.
The same increase in depth resulted in a 12–13% decrease in TOC and
a 9–10% decrease in TN. Carbon inputs are thought to decrease not
just in availability, but also in quality with depth (Fierer et al., 2003).
Carbon enters the soil profile primarily through leaf litter or plant
residues on the surface or via root exudates in the upper soil
horizons. As litter and residues are broken down first by macro- and
micro-fauna and later by bacteria and fungi, carbon is transferred
through the soil profile. The more labile carbon products are
removed first, while the more recalcitrant carbon products are
passed further down, through the soil profile. Some microbial groups
prefer the more readily available forms of carbon such as sugars and
amino acids while other groups prefer the more recalcitrant
compounds such as lignin and cellulose.

The stress indicators include the ratio of the relative abundance
of cyclopropyl fatty acids to their monoenoic precursors; the
abundance of cyclopropyl fatty acids is used as an indicator of
anaerobic conditions (Bossio and Scow, 1998). While the current
study revealed increases in stress indicators with flooding in the
greenhouse, other studies have failed to show such a relationship.
Bossio and Scow (1998), for example, found no changes in
cyclopropyl fatty acids due to flooding and branched fatty acids
were more prevalent in wetland soils compared to agricultural
soils (Bossio et al., 2006). Meanwhile, increases in cyclopropyl fatty
acids observed by Fierer et al. (2003) were associated with
increased soil depth (as was observed in the FTL field study). Fierer
et al. (2003) speculated that deeper soil horizons have more severe
resource limitations than surface soil horizons resulting in shifts in
microbial membrane fatty acids.

While the response of the stress indicators was similar to
patterns observed for the other microbial markers (i.e. affected by
flood treatment in the greenhouse and by depth in the FTL field
study), the response of monounsaturated fatty acids is less clear.
Monounsaturated fatty acids are strongly related to higher
substrate availability (Bossio and Scow, 1998); therefore, this
measure should decrease under more stressful conditions. In the
greenhouse flood experiment, the stagnant flood treatment
resulted in significantly lower monounsaturated fatty acid levels
than the other flood treatments; the other flood treatments were
not different from each other or from the control treatment for this
indicator. However, no differences in monounsaturated fatty acids
were observed in the FTL samples. While Bossio and Scow (1998)
found no differences in this indicator due to flood treatment or
residue application, in subsequent studies a decrease in the
monounsaturated fatty acids was seen with flooding conditions
(Bossio et al., 2006). Other studies have shown that Gram-positive
bacteria and Gram-negative bacteria respond to stress differently
(Kieft et al., 1997). Both soils in this study (greenhouse and FTL
field) had higher levels of Gram-positive bacteria than Gram-
negative bacteria.

The microbial communities of the two different soil samples
varied in their relationship with soil chemistry and C and N
parameters. Microbial markers from the greenhouse experiment
were generally not correlated with TOC, TN or C:N ratio. However,
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microbial biomass, and the marker responses of aerobic bacteria,
Gram-negative bacteria and Gram-positive bacteria from the FTL
field study were all positively correlated with TOC and TN. In many
cases the chemical characterization of the soils are given; however,
study results are expressed in terms of treatment effects and direct
relationships between PLFA results and soil chemistry measures
are not given (i.e. direct correlations between soil N and microbial
community structure are not made). Other studies examine
changes in soil N and C in terms of fertilizer or management
treatments (Acosta-Martinez et al., 1999; Bardgett et al., 1999;
Clegg et al., 2003; Marschner et al., 2003). Bacterial biomass was
weakly correlated with TN and bacteria and eukaryotic community
structures were correlated with C:N ratio (Marschner et al., 2003).
Bardgett et al. (2001) observed that total PLFA measures were
negatively correlated to C:N ratio and B:F ratios were negatively
correlated to N, but that PLFA evenness measures were positively
related to TC and C:N. On the other hand, Clegg et al. (2003) found
no relationship between PLFA community structure and TC or TN.
Bardgett et al. (1999) concluded that PLFA patterns due to mineral-
N availability were inconsistent. Further studies to clarify the
relationships between soil characterization and soil microbial
community analyses are undoubtedly needed.

5. Conclusions

This study illustrates the heterogeneous nature of the soil
ecosystem. Treatment responses varied with environmental
conditions and sampling depth. Responses to flood treatments
were observed for microbial communities under simulated flood
conditions in the greenhouse, and less so in the field. Stagnant
flood conditions in the greenhouse decreased microbial biomass
and markers of aerobic bacteria, Gram-negative bacteria, Gram-
positive bacteria, and mycorrhizal fungi. Flooding in general,
resulted in an increased response of the stress indicators, and the
stagnant flood treatment resulted in a decreased response of
monounsaturated fatty acids. Fluctuations in environmental
conditions brought on by the intermittent flood treatment were
expected to alter the soil microbial composition; however, this did
not occur in all cases. The intermittent flood treatment increased
the aerobic bacteria markers, but did not alter any other
measurements. Total N, TOC and C:N ratio did not change with
the flooding treatment compared to the control.

In the FTL field studies, flooding treatments reduced the ratios
of bacteria to fungi and carbon to nitrogen. Biomass, aerobic
bacterial, and Gram-positive bacterial and mycorrhizal markers
increased with flooding. Stress indicators, monounsaturated fatty
acids, TN and TOC were not affected by flooding treatment. Many of
the differences in treatments were seen in the 10–20 cm depth.
Stagnant conditions decreased B:F ratio, microbial biomass,
aerobic bacterial, Gram-negative bacterial and Gram-positive
bacterial markers, while stress indicators increased for the flowing
flood treatment at the lower depth. No changes were seen in the
monounsaturated fatty acid content in these studies. In the FTL
field experiment, the flood treatments were less dramatic than that
found in the greenhouse studies and were greater at the 10–20 cm
depth than surface depths. As with previous studies, general
decreases in microbial biomass and microbial marker response
with depth were observed. Further studies with longer term flood
treatments are needed to determine the effect of flooding
disturbance on the character and function of soil microbial
communities.
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